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Summary
Placental blood flow was measured with the aid of radioactive microspheres, in normal (N) and manifest diabetic (MD) rats, and related to fetal body growth and incidence of congenital malformations. The total blood flow in the placentae of the MD rats was decreased to about one-half of the normal flow on gestational days 20 and 22..The placentae of the MD offspring were enlarged, whereas the fetuses in this group were smaller than normal. Thus , the placental blood flow per placental weight was drastically decreased in the MD fetuses on both days 20 and 22. In contrast, the placental blood flow per fetal weight was not different in the N and MD groups on gestational day 20 whereas it was decreased in the MD offspring on gestational day 22 . Placental blood flow in the malformed fetuses. of the MD group . did not differ significantly from that in the nonmalformed MD fetuses.
Abbreviations N, normal control rat (nondiabetic) N20 or N22, normal pregnant rat on gestational day 20 or 22 MD, manifest diabetic rat (serum glucose level exceeding 20 mmol/liter) MD20 or MD22, pregnant manifest diabetic rat on gestational day 20 or 22
The etiology of altered fetal development defined as increased/ decreased fetal weight, malformations, and an increased number of resorptions in the diabetic pregnancy is at present not clear (23) . Disturbances in the transfer of nutrients from mother to fetus, reflecting altered placental funct ion, may be of importance for the decreased somat ic growth rate (17, 18) . Besides, the magnitude of the placental blood flow determines the amount of nutrients available for transfer to the fetus (27) . Therefore , placental blood flow may be relevant to fetal growth retardation (28) . Decreased placental blood supply has been accomplished experimentally in rats subjected to uterine artery ligation (21) and maternal dietary restriction (29) . The offspring of these rats show decreased fetal weights and increased number of intrauterine resorptions .
Although a number of estimations of placental blood flow in rodents have been reported (I , 2, 5, 7, 15, 16, 27, 29, 34) , no studies of placental blood flow in diabetic rat pregnancy seem to have been published. There are, however, reports of altered placental morphology (26) and indirect evidences of changed vascular function in diabetic rat placenta (4) as well as decreased transfer of aminoisobutyric acid to fetuses ofdiabetic guinea pigs (30) . Also, reduced uteroplacental blood flow as determined with placental scintigraphy has recently been demonstrated in human diabetic pregnancy (19) .
The aim of the present study was to examine the relation denote the flow (Q ml/min) and radioactivity (R cpm) of the placenta (plac) and reference (ret) samples, respectively. The blood flows were then correlated to both the wet and dry weight ofthe placentae, as well as to the fetal weights. Since each uterine horn of the rat is mainly supplied by its uterine and ovarian artery and only to a small extent by minor anastomotic branches from the vaginal branch of the hypogastric artery, each uterine horn was considered as a separate circulatory unit. Therefore, when comparing the results from Nand MD fetuses, the estimated mean value per horn of the different parameters was used. The blood flow of the maternal lungs and kidneys was determined in an analogous manner. Probabilities of chance differences between the means of different experimental groups were estimated by Student's two-tailed t test (22) .
RESULTS
Two of the N and seven of the MD rats did not become pregnant, despite 10-15 mating attempts during 4 weeks. Four of the pregnant MD rats had onl y resorptions and dead fetuses at the time of cesarian section and were therefore excluded. In one of the MD rats there were living fetuses in onl y one uterine horn; therefore, the MD22 group was comprised of seven rats in whom onl y 13 uterine horns could be examined (cf Table 1 ). Altogether, the Nand MD mother rats with viable offspring contained 165 and 130 implantations of which 8 and 33 were resorbed, respectively. Of the viable 157 N fetuses and 97 MD fetuses, no malformations were found in the N groups, whereas five fetuses in the MD groups showed either loss of the tailor micrognathia. These two types of skeletal malformations have been discussed previously (9, 10) . The blood flow in the right and left maternal kidneys were 4.1 ± 0.8 and 4.3 ± 0.8 ml/min . g wet weight in the N20 and 4.2 ± 1.0 and 4.3 ± 1.3 ml/min . g wet weight in the N22 groups. The MD rats showed a tendency towards lower values. Thus, the blood flow in the kidneys were 2.7 ± 1.0 and 3.0 ± 0.8 ml/min . g wet weight in the MD20 group and 2.2 ± 0.4 and 2.5 ± 0.6 ml/min . g wet weight in the MD22 group. Evidently, no difference could be demonstrated between the blood flow in the kidneys on the different sides in the Nand MD groups, thereby illustrating adequate mixing ofthe microspheres. The MD maternal kidneys were enlarged in comparison to the N mothers (N20: 0.92 ± 0.04 g; MD20: 1.49 ± 0.04 g; P < 0.001; N22: 0.86 ± 0.07 g; MD22: 1.42 ± 0.06 g; P < 0.00 I). The estimated blood flows through the maternal lungs were 0.8 ± 0.3 and 0.5 ± 0.4 ml/ min . g wet weight in the N20 and N22 groups and 0.5 ± 0.2 and 0.6 ± 0.3 ml/rnin . g wet weight in the MD20 and M022 groups, respectively . These low values illustrate the low peripheral shunt rate of microspheres in the pregnant animals. In addition, there was no detectable radioactivity in an y of the fetuses that were processed along with the placental .and other * Values are means ± SE. t p < 0.0 I VS. N rats of the same age.
f P < 0.001 VS. N rats of the same age. Fifteen weightand age-matched female rats served as controls (N) and did not receive any injections at all. The rats were kept in a light-and temperature-controlled environment with 12 + 12-h light-dark cycle and were fed standard rat pellets (Ewos AB, Sodertalje, Sweden) and tap water ad libitum. Mating of the animals was started 10-14 days after the streptozotocin injection. Two or three female rats were mated with nondiabetic male rats overnight and conception was confirmed by examination of vaginal smears for the presence of sperm in the morning. The day when a positive vaginal smear was' obtained was denoted gestational day 0; the rats of this strain normally deliver in the early afternoon of gestational day 22. Studies of the offspring were performed on gestational days 20 and 22.
In the morning of day 20 or 22 the pregnant rats were weighed and anesthetized with thiobutabarbital sodium (Inactin, BykGulden, Konstanz, Germany) given in an IP dose of 120 mg/kg body weight. Polyethylene catheters were inserted into the left ventricle of the heart (via the right carotid artery) and into the left femoral artery. I03Ru_Iabeled microspheres (New England Nuclear Chemicals GmbH, Dreieich, Germany) with a diameter of 15.5 ± 1.1 Jlm (mean ± SO) were suspended in 0.4 ml of physiological saline containing 0.0 I % Tween 80. This solution was carefully mixed with the aid of a whirl mixer for at least 10 min and 0.2 ml (containing approximately 150,000 microspheres) was injected via the carotid catheter in 20 sec. A reference sample was withdrawn simultaneously from the femoral artery at a constant rate (0.67 ml/min) during 90 sec. Arterial blood pressure and body temperature of the pregnant rats were monitored during the experiment and in all cases found to be well within normal limits. The animals were subsequently killed by cervical dislocation, a blood sample was secured for determination of serum glucose, and the position of the cardiac catheter was controlled at the autopsy.
The uterus was quickly mobilized through a midline incision and each fetus and placenta were carefully dissected free of surrounding tissue, inspected, and weighed. A fetus was considered to be malformed if it lacked a tail or showed visible retardation of the mandible (micrognathia; cf Refs. 9 and 10). Three to six placentae from nonmalformed fetuses per uterine horn were chosen at random, blotted, weighed, and freeze-dried to constant weight in a GT 2 freeze drier (Leybold-Heraeus AG , West Germany) for 24-48 h together with placentae belonging to malformed fetuses. In addition, the kidneys and the lower right lung lobe of the rat mothers were dissected out, weighed, and freeze-dried in order to control adequate mixing and the degree of shunting of the microspheres through peripheral circulatory beds. To estimate the transfer of spheres across the placental barrier, a few fetuses were also processed in the same way.
After the freeze-drying procedure, the content of radioactivity in the different tissues was measured in a LKB-Wallac 80,000 gamma counter (Wallac OY, Turku, Finland) and the blood flow of each placenta was calculated with the aid of the following between uteroplacental blood flow and fetal somatic growth in normal and diabetic rat pregnancy. In add ition, fetuses of a rat model that showed a recognized type ofcongenital malformation (9, 10) were specially studied in order to evaluate whether the placental blood flow of the malformed fetuses differed from that of their nonmalformed littermates. for the investigation of placental blood flow during normal and pathological conditions. The main finding in this study was the drastic reduction in placental blood flow in the MD offspring. The simultaneously occurring increase in placental weight suggests a long-term compensatory mechanism, aiming to secure a sufficient nutrient supply to the fetus. The exact nature of the increased weight of the MD placentae is at present obscure , but it has been shown that the DNA content of the placenta is increased in severe diabetes in humans and rats (6, 33) , concomitant with increased levels of glycogen (12, 13) and triglycerides (6) . Interestingly, in other experimental studies, the combination of decreased fetal and increased placental weights is also encountered in the offspring of alcohol-treated rats (15) , whereas uterine artery ligation or caloric deprivation decreases placental and fetal weights (21, 29) .
In the N rats, the placental blood flow increased between gestational days 20 and 22, yielding similar ratios of placental flow per fetal weight on the 2 days. This was in obvious contrast to the MD rats, in which no such increase in placental blood supply occurred during the period . The data suggest a failing capacity in the MD placentae to respond to increased metabolic and nutritional needs in late gestation.
Previous studies have shown decreased fetal weights and increased numbers of fetal resorptions and malformations in the MD offspring (8) (9) (10) (11) . There is evidence in favor of an analogous situation in early human diabet ic pregnancy. Ultrasound determinations have indicated decreased fetal somatic growth in the 7th to 14th week of gestation (24); these studies also suggest that the risk for a malformed fetus in the diabetic pregnancy may increase with increasing degree of fetal body growth retardation (25) . The notion ofan interdependence between lowered somatic growth and increased rate of malformations in the human fetus has also been recently supported by a retrospective analysis of epidemiological data (32) . The rat model in the present study may therefore primarily serve as a model for embryological and fetal growth in early human pregnancy .
It is tempting to relate the decreased blood flow in the MD placentae in the present study to the previously demonstrated growth retardation in the MD fetuses (8) (9) (10) (11) . In this context, the reported association between lowered maternal weight gain, decreased fetal birth weight, and decreased placental blood flow during maternal malnutrition (28) may be of importance. Our limited understanding of the exact etiology behind the retarded maternal weight gain in the MD group, however, makes clearcut comparisons difficult. For instance, the recently reported zinc deficiency of the MD fetuses may also contribute to the fetal growth retardation in the MD group (II). It may be that alterations in other essential nutrients play important roles for the induction of the fetomaternal growth retardation in the MD pregnancy .
Since there were no differences in the blood suppl y to the The use of radioactive microspheres for estimating organ blood flow in the rat is a widely accepted and thoroughly evaluated experimental procedure (14, 20, 31) . The blood flow per placenta of the N fetuses, 0.50-0.95 ml/rnin, was in the range of previously reported flow rates of rats in late gestation (2, 3, 5, IS, 16, 21, 29, 34) . Also, our values of renal blood flow and pulmonary blood flow are in agreement with those found in previous investigations (20, 31) . Thus, the applied method appears well suited *P< 0.0I vs. N fetuses of the same age.
organ samples, indicating that no maternal blood corpuscles were transferred to the fetuses. The maternal MD rats were severely hyperglycemic and weighed about 50 and 100 g less than the N rats on gestational days 20 and 22, respectively (Table 1) . On gestational day 20, there was no significant difference between the MD and normal groups with respect to number of viable offspring. On the other hand, on gestational day 22, the MD rats showed a significantly decreased number of viable offspring per uterine hom (Table I ).
The MD offspring weighed less (P < 0.01) but had larger placentae than the N fetuses, both when the wet (P < 0.00 I) and dry (P < 0.01) weights of the placentae were compared ( Table   2 ). The three malformed fetuses in the MD20 and the two malformed in the MD22 groups exhibited the same growth pattern as the other MD fetuses. Thus, their body weights (2.0 ± 0.3 and 4.7 ± 0.3 g on gestational days 20 and 22, respectively) as well as wet (0.66 ± 0.05 and 0.67 ± 0.09 g) and dry (0.111 ± 0.002 and 0.113 ± 0.016 g) placental weights were not statistically different from the remaining MD offspring in the respective age groups. Furthermore, no differences were found between the percentage dry residue of the different placentae ( Table 2 ).
The MD offspring showed decreased total blood flow (P < 0.05) as well as decreased flow per wet (P < 0.00 I) and dry (P < 0.00 I) placental weight compared to the normal offspring both on gestational days 20 and 22 (Table 3 ). This was true also for the malformed fetuses whose total blood flow (0.22 ± 0.07 and 0.35 ± 0.03 nil/min) as well as blood flow per wet (0.4 ± 0.1 and 0.5 ± 0.1 ml/min . g) and dry (2.0 ± 0.7 and 3.2 ± 0.7 ml/ min . g) placental weight were statistically similar to the nonmalformed MD fetuses. The N fetuses increased significantly their flow rates between days 20 and 22 in all three respects (P < 0.01 in all three comparisons), whereas the MD offspring failed to show any significant differences between gestational days 20 and 22 with regard to these three parameters (P > 0.10 in all three comparisons). The placental blood flow per fetal weight showed a different pattern. No differences between the Nand MD groups were found on gestational day 20, whereas the MD22 flow was only about half of the N22 flow (P < 0.01, Table 3 ).
The malformed MD fetuses did not differ significantly from the non malformed MD fetuses (0.12 ± 0.04 ml/min . g at gestational day 20 and 0.07 ± 0.00 I ml/min . fetal weight at gestational day 22). placentae of the malformed MD offspring in comparison with the nonmalformed MD fetuses, the induction of fetal malformations in diabetic rat pregnancy seems not to involve any restriction of nutrient transfer via the chorioallantoic placenta. Alternatively, the teratological processes inducing skeletal malformations in this diabetic rat model do not seem to hamper placental blood supply. The distorted fetal growth in this rat model may allow further experimental studies of the mechanisms causing abnormal fetal development in early human diabetic pregnancy.
